Pex1, a pollen-specific gene with an extensin-like domain. by Rubinstein, A. L. et al.
Proc. Natl. Acad. Sci. USA
Vol. 92, pp. 3086-3090, April 1995
Plant Biology
Pexl, a pollen-specfi c gene with an extensin-like domain
AMY L. RUBINSTEIN, ANNE H. BROADWATER, KATHLEEN B. LOWREY, AND PATRICIA A. BEDINGER*t
Biology Department, CB# 3280, University of North Carolina, Chapel Hill, NC 27599-3280
Communicated by Sharon R. Long, Stanford University, Palo Alto, CA, December 14, 1994 (received for review July 15, 1994)
ABSTRACT We report here the identification of a pollen-
specific gene from Zea mays that contains multiple Ser-(Pro).
repeats, the motif found in the cell wall-associated extensins.
Sequence analysis reveals that the encoded protein has a
putative globular domain at the N terminus and an extensin-
like domain at the C terminus. The Pexl (pollen extensin-like)
gene is expressed exclusively in pollen, not in vegetative or
female tissues, and is not induced in leaves upon wounding.We
propose that the encoded protein may have a role in repro-
duction, either as a structural element deposited in the pollen
tube wall during its rapid growth or as a sexual recognition
molecule that interacts with partner molecules in the pistil.
The extracellular hydroxyproline-rich glycoproteins (HRGPs)
are the only plant proteins known to contain hydroxyproline,
an unusual amino acid resulting from the posttranslational
hydroxylation of proline. In animals, collagens and elastin are
the only such proteins, and they have been found to have
important structural and developmental roles (1). HRGPs may
represent the plant equivalent of the collagens as structural
proteins and as mediators of interactions between cells.
HRGPs cain be subdivided into three distinct categories: the
cell wall extensins, the soluble or plasma-membrane associated
arabinogalactan proteins (AGPs), and the solanaceous lectins
(2). Recently, a role in plant reproduction has been postulated
for a subset of HRGPs as well as a closely related group of cell
wall proteins known as proline-rich proteins (PRPs). For
example, pistil-specific extensin and PRP genes have been
isolated and are believed to have a role in plant reproduction
(3-6). In addition, stylar tissues are known to secrete AGPs
(7).
It is known that pollen is enriched for hydroxyproline
(8-11). Therefore, it seems likely that pollen also contains
HRGPs. These extracellular proteins may play a structural role
in the extremely rapid cell elongation that occurs during pollen
tube growth (12). Alternatively, pollen HRGPs are potential
candidates for mediating pollen-pistil interactions in conjunc-
tion with partner molecules in female tissues. We have isolated
a pollen-specific gene that appears to be a member of a small
gene family in maize and encodes multiple repeats of the
extensin-like motif Ser-(Pro)4. Pexl (pollen extensin-like) dif-
fers from other maize HRGP genes in that it contains signif-
icant numbers of this canonical extensin repeat motif. Isolation
of a genomic clone representing the Pexi gene revealed a
protein structure containing both an extensin-like domain and
a putative globular domain.J
MATERIALS AND METHODS
Maize inbred lines Ky2l and B73 were grown under standard
greenhouse conditions. Microspores and immature pollen
were staged by the method of Bedinger and Edgerton (13).
Mature pollen was collected from shedding tassels. Young
leaves were wounded by clamping with a hemostat and were
collected 6 and 24 hr after wounding.
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pSF66 and pSF21 were isolated from a cDNA library
prepared from poly(A)+ RNA from immature starch-filled
pollen (maize inbred line Ky2l) and cloned into AZAP (Strat-
agene) with EcoRI-Not I adapters (Invitrogen). Recombinant
phage were differentially screened with cDNA probes made by
using mRNA from immature starch-filled pollen and from
endosperm. Plaques that hybridized uniquely with immature
pollen mRNA were selected and rescreened.
A genomic library prepared from Sau3A1 partial digests of
maize inbred line B73 DNA cloned into phage AEMBL3 arms
was purchased from Clontech. In all, 240,000 plaques, repre-
senting half a genome of DNA, were screened with pSF21
cDNA as a probe. Two positive clones were identified. One of
these was subcloned into pBluescript (Stratagene).
A 7.3-kb BamHI subclone containing sequences hybridizing
to pSF21 was designated pZmPl. Four thousand three hun-
dred thirty-one base pairs of pZmPl were sequenced by the
dideoxy method (14) using Sequenase (United States Bio-
chemical) and [a-32P]dATP (Amersham). Sequences of
pZmPl were confirmed by the University of North Carolina,
Chapel Hill, Automated DNA Sequencing Facility on a model
373A DNA sequencer using the Taq DyeDeoxy terminator
cycle sequencing kit (Applied Biosystems).
DNA fragments used as probes were purified with Gene-
clean II (Bio 101). Probes A and B were prepared by digesting
pZmPl with restriction enzymes as indicated in Fig. 1. Arabi-
dopsis ubiquitin-encoding insert DNA was isolated from p2324
by digesting with Xba I and HindlIl (J. Callis, T. Carpenter,
C.-W. Sun, and R. Vierstra, personal communication). Probes
were radioactively labeled by the method of Feinberg and
Vogelstein (15).
Maize genomic DNA was isolated from immature cobs of
inbred line B73. Twelve micrograms of maize DNA or 6 pg of
pZmP1 DNAwas digested with each of the restriction enzymes
as indicated in the legend to Fig. 3. Digested DNA was
electrophoresed in 0.9% agarose in 45 mM Tris borate, pH
8.3/1 mM EDTA, denatured, and transferred to MagnaGraph
nylon membrane (Micron Separations, Westboro, MA).
Blots were incubated with the appropriate probe (A or B) in
50% formamide/1% SDS/5X Denhardt's solution (0.1% Fi-
coll/0.1% polyvinylpyrrolidone/0.1% bovine serum albu-
min/3x SSC (0.45 M NaCl/0.045 M sodium citrate)/5%
dextran sulfate with sheared salmon sperm DNA (100 ,Lg/ml)
at 42°C for 48 hr. Blots were washed twice for 45 min in 0.1 x
SSC/1% SDS at 600C for probe A and at 68°C for probe B.
Blots were exposed to x-ray film (Kodak) at -80°C with an
intensifying screen (DuPont).
RNA was isolated from maize starch-filled immature pollen
and mature pollen as described (16). Maize meiotic tassels,
etiolated seedlings, endosperm (20 days after pollination),
immature ear, silk, root, young leaves, and wounded leaves
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were collected, quick-frozen with liquid nitrogen, and ground
with a mortar and pestle. RNA was then isolated by the same
procedure used for pollen RNA. Poly(A)+ RNA was selected
from total RNA with oligo(dT)-cellulose (GIBCO/BRL).
rRNA and an RNA "ladder" (GIBCO/BRL) were used to
determine RNA sizes. Two micrograms of each poly(A)+ RNA
was electrophoresed in 1% agarose in 2.2 M formaldehyde
(17). Because the C-richness of the Pex mRNAs tended to
produce anomolous RNA structures that migrated slowly in
the gels, 2.2 M formaldehyde was included in the Northern gel
running buffer. Gels were blotted onto Zeta-Probe GT mem-
brane (Bio-Rad) and blots were incubated with probes A and
B and Arabidopsis ubiquitin-encoding sequences in 50% for-
mamide/0.12 M sodium phosphate, pH 7.2/0.25 M NaCl/7%
SDS. Blots were washed twice for 30 min in 0.1>x SSC/0.1%
SDS at 65°C for probe B and at 60°C for probe A. For ubiquitin
sequences, blots were washed in 2x SSC/0.1% SDS at 60°C.
Blots were exposed to x-ray film as described above.
RESULTS AND DISCUSSION
To isolate genes involved in pollen development, a cDNA
library was made by using mRNA isolated from immature
starch-filled pollen. Differential screening identified several
clones expressed in immature starch-filled pollen but not in
endosperm or in etiolated seedlings. Sequence analysis re-
vealed that two of these clones (pSF66 and pSF21) were partial
cDNAs encoding two closely related PRPs with canonical
extensin-like repeats: Ser-(Pro)2-4 (data not shown). Prolines
in this motif are most often hydroxylated and glycosylated in
the maturq form of known extensin proteins. The pollen-
specific expression of these genes led us to propose the name
Pex (pollen extensin-like) to describe the genes.
A maize genomic library was screened by using the cloned
cDNAs as probes. One strongly positive genomic clone was
selected for further analysis. A 7.3-kb BamHI fragment from
the genomic clone was subcloned to produce pZmPl. The
restriction map of the sequenced portion of pZmPl (4431 bp)
is depicted in Fig. 1A. The gene represented by pZmPl was
designated Pexl.
Structure of the Pexl Protein. The sequenced region ofPexl
contains one long open reading frame, encoding a protein of
1188 aa (Fig. 2). This corresponds to '121 kDa, although if the
A
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FIG. 1. (A) Restriction map of sequenced portion of pZmPl. A,
Apa I; B, BamHI; C, Sac I; E, Eag I; H, HindIII; K, Kpn I; N, Nde I;
P, Pst I; S, Sal I; U, Bsu36I; X, Xmn I; Y, Sty I. Putative start (ATG)
and stop (TAA) codons and their nucleotide position numbers are
indicated. (B) Representation of probes used. Probe A is an 878-bp
HindIII-Xmn I fragment (globular domain); probe B is a 2089-bp
Bsu36I-Sty I fragment (extensin domain). Numbers indicate nucle-
otide positions of restriction sites within sequenced region. (C) Sche-
matic representation of deduced protein structure. Numbers indicate
positions of amino acids. Solid region, hydrophobic putative signal
sequence; hatched region, possible globular domain; open region,
transition zone; checkered region, extensin-like domain.
protein is glycosylated like known extensins and AGPs, the
mature protein may be much larger. No other large open
reading frames are present and no introns are apparent within
the coding sequence. The structure of the encoded protein
(Fig. 1 C) includes an N-terminal, possibly globular domain
and a C-terminal extensin-like domain containing numerous
copies of Ser-(Pro)2-6 repeats. A transition zone appears
between the borders of the two domains, in which prolines are
present intermittently (aa 411-507) before the repeats begin.
Pexl differs strikingly from the cell wall extensins of higher
plants in that it has a distinct N-terminal domain, possibly
globular, in addition to the extensin-like domain. This struc-
ture is reminiscent of cell wall proteins found in some algae,
such as the sexual agglutinins of Chlamydomonas. A Volvox
embryo-specific gene (18) and a Chlamydomonas cell wall
HRGP gene (19) both appear to encode globular domains in
addition to extensin-like domains. The only higher plant gene
so far isolated encoding both a possible globular domain and
an extensin-like domain is the tobacco pistil-specific extensin-
like gene (5). The globular domains encoded by these genes did
not have significant homology with the globular domain of
Pexl.
A comparison of amino acid distribution within the two
domains shows striking differences (Table 1). The extensin-
like domain is >45% proline, comparable to that of classic
extensins as well as a maize cell wall HRGP (20, 21). The amino
acid composition of the extensin-like domain of Pexl differs
from extensins and the maize cell wall HRGP most notably in
tyrosine content. The extensin-like domain of Pexl has only
0.7% tyrosine, compared with 12% in a carrot extensin and
6.6% in the maize HRGP. This observation is potentially
significant in light of the proposed role for isodityrosine in
crosslinking of extensins into the cell wall (19, 22, 23).
Since the extensin-like domain of Pexl has a high level of
serine and alanine, this domain may also have properties
similar to AGPs, which are known to be enriched in these
amino acids (7). AGPs have long been thought to function in
cell-cell interactions. Evidence has accumulated that suggests
that particular AGPs are developmentally regulated in many
cell types, including root, embryo, and flower (24-26). One
report indicates that AGPs are deposited in rings in the cell
wall of the germinating pollen tube in tobacco (27).
In contrast with the extensin-like domain, the putative
globular domain of Pexl had an entirely different distribution
of amino acids. The most prominent amino acids in this domain
were leucine, phenylalanine, and aspartic acid at 12.9%, 7.9%,
and 7.2%, respectively. Three potential N-glycosylation sites
[NX(T/S)] are indicated in Fig. 2.
Analysis of the N terminus of Pexl by the method of von
Heijne (28) confirmed the presence of a signal sequence,
suggesting that the protein is secreted (Fig. 2).
Southern Analysis of Pex Genes. The finding of a large,
possibly globular domain in association with an extensin-like
domain was unexpected, since the known cell wall extensins of
higher plants do not contain significant globular domains. To
eliminate the possibility that separate genes were fused during
cloning, genomic DNA was probed with sequences represent-
ing both the globular and extensin-like domains (probes A and
B, respectively; Fig. 1B). Restriction digests that produced
fragments comprising both domains (HindlIl plus Nde I), the
globular domain (HindIII plus Xmn I), and the extensin
domain (Xmn I plus Nde I) were performed. Southern blots
were incubated with probe A (globular domain) and with
probe B (extensin-like domain) (Fig. 3 A and B). The probes
hybridized to fragments of sizes predicted by the sequence of
pZmPl (3609, 878, and 2731 bp, respectively), indicating that
the structure of pZmPl reflects the structure of Pexl in the
genome.
Maize genomic DNA was also digested with Bcl I, to
determine the size of the Pex gene family. Bcl I was chosen
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513 TGCTACTCCTGGCCGCTTGCCTGTCCGCCTGCAGCGTGCAAGCGGTTACGAGCGCGGAAGCTTCCTACATCGCCCACCCCAGCTGCTGGCCATGAAGGAGGCCGGCGGCGGCGAGGCCGGCGACCTA
17 L L L L A A C L S A C S V4Q A V T S A E A S Y I A H R 0 L L A M K E A G G G E A G D L
641 CCGGCGGACTTCGAGTTCGACGACCGCGTCGGCGCCGCCAACTTCCCCAACCCGCGCC-CCGCCGCGCGTACATCGCGCTCCAGGCCTGGCACCGCGCCTTCTACTCCGACCCCAAGGGCTACACCGC
60 P A D F E F D D R V G A A N F P N P R L R R A Y I A L Q A W H R A F Y S D P K G Y T A
769 CMCTGGGTCGGCGMGACGTGTGCAAGTACMTGGCGTCATCTGCACCGAGGCGCTGGACGACCCCAAGATCACGGTCGTGGCCGGGATCGACCTCMCGGCGCCGACATCGCCGGGTACCTCCCCC
103 N W V G E D V C K Y N G V I C T E A L D D P K I T V V A G I D L N G A D I A G Y L P
897 CGGAGCTCGGCCTGCTCACCGACCTCGCCTTCTTCCACATCAACACCAACCGCTTCTGCGGCATCATCCCCAAGAGCATGTCGCGGCTGTCGCTGCTGCACGAGTTCGACGTCAGCAACAACCGCTTC
145 P E L G L L T D L A F F H I N T N R F C G I I P K S M S R L S L L H E F D V S N N R F
1025 GTGGGCGTCTTCCCCTACGTCTGCCTCGAGATGGTGTCGCTCAAGTACCTCGACCTCCTTCAACGACTTCGAGGGCGAGCTGCCGCCGGCGCTCTTCGACAAAGACCTCGACGCCATCTTCGTCAA
188 V G V F P Y V C L E M V S L K Y L D L R F N D F E G E L P P A L F D K D L D A I F V N
1153 CACCAACCGCTTCGTAGGGCCCATCCCCGAGAACCTCGGCAATTCCACGGCGTCCGTCATCGTCTTCGCCAACAACGCCTTCGTCGGATGCATCCCCMGAGCATCGGCCGCATGGTTMGACGCTGG
231 T N R F V G P I P E N L G IN S T1 A S V I V F A N N A F V G C I P K S I G R M V K T L
1281 ACGAGATCATCTTCCTCMCAACAAGCTCGACGGGTGCCTGCCGTTGGAGATGGGCC .GCTGGTCAACACCACCGTCATCGACGTCAGCGGGAACATGCTCGTCGGCACCATCCCCGAGCAGCTCTCC
273 D E I I F L N N K L D G C L P L E M G L L V N T T V I D V S G N M L V G T I P E 0 L S
1409 AACATAGCCAAGCTGGAGCAGCTCGACGTGTCCCGGAACGTTTTCACCGGCATCGTGCACGAGTCCATCTGCGAGCTCCCGGCGCTCGTCAACTTCAGCTTCGCCTTCAACTTCTTCAACTCGGAGGC
316 N I A K L E Q L D V S R N V F T G I V H E S I C E L P A L V NF S F A F N F F N S E A
1537 CGCCGTGTGCATGCCGTCCGACAAGGCGCTCGTCAACCTCGACGACAGGGACAACTGCC.CGGCGCGCTGCGCCCGGCGCAGMGACCGCGCTGCAGTGCGCCCCCGTGCTTGCGCCCCCCGTCGACT
359 A V C M P S D K A L V N L D D R D N C L G A L R P A Q K T A L Q C A P V L A R P V D
1665 GTAGCAAGCACGTGTGCGCTGGCTACCCCACGCCCGGAGGAGGGCCGCCGTCGTCGCCGr:TGCCAGGGAAGCCTGCTGCGTCTGCGCCCATGCCATCCCCGCACACACCGCCGGATGTATCGCCAGAG
401 C S K H V C A G Y P T P G G G P P S S P V. P G K P A A S A P M P S P H T P P D V S P E
1793 CCGCTTCCAGAACCTTCGCCGGTGCCTGCACCTGCACCCATGCCGATGCCGACCCCTCATTCACCGCCAGCGGACGATTATGTACCGCCAACACCACCTGTACCCGGAAAGTCACCGCCAGCTACCTC
444 P L P E P S P V P A P A P M P M1 P T P H L P A D D Y V P P T P P V P G K S P P A T S
1921 ACCATCGCCTCAGGTTCAGCCTCCAGCTGCCTCCACCCCACCTCCGTCACTGGTGAAG GTCTCCTCCGCAGGCACCAGTGGGATCCCCACCGCCACCTGTGAAGACTACTTCTCCACCGGCCCCTA
487 P S P Q V Q P P A A S T P P P S L V K L SLP P Q A P V G S P P P P V K T T S PLP A P
2049 TTGGTTCACCATCTCCACCACCACCAGTGTCAGTGGTCTCACCACCACCGCCCGTGAAATCACCTCCCCCACCCGCGCCAGTGGGATCACCTCCACCACCTGAAAAATCACCTCCTCCGCCAGCACCG
529 I G S P S.2..P D PP V S V V S P PP. P V K _ P P P P A P V G 5 P P P PP E KX P P P P A P
2177 GTGGCCTCACCACCACCGCCTGTGAAATCACCTCCCCCACCAACGCTAGTGGCATCACC-.TCCACCTCCCGTGAAATCACCTCCTCCACCGGCACCAGTGGCATCACCACCGCCTCCTGTGAMTCACC
572 V A S P P P P V K S P P P P T L V S S L P P P V K L P P P P A P V A _ P P P P V K SL2
2305 TCCCCCACCAACGCCAGTGGCATCACCTCCTCCGCCAGCACCAGTGGCATCTTCACCTCCACCGATGAAATCTCCACCACCCCCGACTCCTGTGAGCTCACCTCCTCCTCCAGAGAAGTCACCACCGC
615 .PP PT P V A S P P P P A P V A S S PZP. M K S P P P P T P V S L 2... I? E KS PP
2433 CACCGCCTCCTGCGAAATCAACCCCACCTCCAGAGGAATACCCAACACCACCCACTTC3GTGAAGTCATCGCCGCCTCCAGAAAATCTCTACCTCCACCCACACTGATTCCATCTCCGCCACCACA
657 P P P P A K S T P P P E E Y P T P P T S V K S S P P2 P E K S L P P P T L I P S P E PQ
2561 GAGAAGCCTACTCCTCCATCACTCCGTCTAACCACCTTCATCTCCGGAGAAGCCTTCTCCACCGAAGMCCAGTTAGCTCACCACCTCAACACCAAGTCTTCACCTCCACCAGCTCCTGTAG
700 E K P T P P S T P S K P P S S P E K P S P K E P V S S PLP 0 T P K S S P PL P A P V S
2689 TTCACCACCTCCMCACCAGTTAGCTCACCACCGGCACTAGCTCCAGTAAGCTCACCACCGTCGGTGMGTCTTCTCCACCACCAGCGCCACTAAGCTCACCACCGCCTGCACCTCAAGTGAAGTCTT
743 S P P P T P V S S P PA L A P V S S P VS V K S S P P P A P L S S P P P A P Q V X I
2817 CTCCACCTCCAGTACAAGTGAGTTCACCACCGCCGGCGCCTAAGTCATCACCTCCAC..GCTCCAGTGAGTTCACCACCTCAAGTAGAGAAGACTTCTCCACCACCAGCACCACTCAGCTCACCACCA
785 P P P P V Q V S S P P P A P K S S PLP L A P V S SLP..P 0 V E E T S P PL P A P L S S P P
2945 TTGGCGCCCAAGTCATCACCTCCACATGTTGTTGTGAGCTCACCACCTCCAGTGGTGMGTCCTCTCCACCACCTGCACCGGTTAGCTCGCCACCATTGACGCCTAAGCCGGCAAGCCCACCTGCGCA
828 L A P K S S P P H V V V S S L P P V V K S S P P L A P V S S P J? L T P K P A S PL A H
3073 TGTGAGCTCACCACCTGAAGTGGTGAAGCCATCCACACCACCGGCACCAACAACAGTCATCTCACCTCCATCAGAGCCCAAGTCATCACCGCCACCTACTCCCGTGAGCTTGCCACCTCCMTAGTTA
871 V S S P P E V V K P S T P P A P T T V I S P S E P K S S P PL T P V S L P P P I V
3201 AGTCCTCTCCACCACCGGCAATGGTTAGCTCACCACCGATGACGCCTMGTCGTCACCTCCACCGGTTGTTGTGAGCTCACCACCACCAACGGTGMGTCTTCTCCACCACCGGCACCAGTCAGCTCA
913 K S S P P P A M V S SL P 4M T P K S S PL P V V V S LP P P T V K S S P . P A P V S 1
3329 CCACCAGCGACACCTAGTCGTCACCTCCACCTGCTCCTGTGAACTTGCCACCTCCAGAGTAAGTCTTCTCCACCACCTACACCAGTTAGCTCGCCACCGCCAGCGCCTAAGTCATCACCTCCACC
956 E-2 A T P K S S P P. P A P V N L P P P E V K S S P PL P T P V S S P P. P A P K S S P P P
3457 TGCTCCCATGAGCTCGCCACCACCTCCAGAGGTGMGTCTCCTCCACCACCAGCTCCAGTTAGCTCGCCTCCACCTCCAGTCMGTCGCCACCTCCACCAGCCCCTGTGAGCTCACCTCCTCCCCCTG
999 A P M S S P P P P E V jS P P P P V P V S S P P P P V KS P P P P A P V S S P PPjP
3585 TGAAGTCTCCACCACCACCAGCACCGGTCAGCTCGCCACCACCTCCAGTGAAGTCACCG-CACCTCCAGCACCGATCAGCTCACCACCACCTCCAGTGAGTCACCGCCACCTCCAGCACCAGTGAGC
1041 V K S P P P P A P V S S P P P P V K S P P P P P A P I S S P P P V K S P P 2 P P V S
3713 TCACCACCACCTCCAGTGAAGTCTCCTCCGCCACCAGCACCAGTTAGCTCCCCACCACCCCCAATAAAATCTCCTCCTCCACCGGCACCAGTTAGCTCTCCTCCACCAGCACCAGTGAGCCACCATC
1084 S P P P P V K S P P PLP A P V S LP PL P I K S P P P -P A P V S S PL LP A P V K P P S
3841 ACTACCACCACCGGCCCCAGTAAGCTCACCTCCTCCGGTTGTCACCCCTGCCCCGCCGAGAAAGAGAGCAGTCATTACCACCACCAGCAGAATCCCAACCTCCACCATCATTCATGACATCATCC
1127 L P P P A P V S SZPJP P V V T P A P P K K E 5 Q S L P P P A E S Q P P P S F N D I I
3969 TTCCACCTATCATGGCCAACAGTACGCATCTCCGCCTCCCCCTCAGTTCCAAGGGTATTAAGCGCCACAGAGACATGGTTGATGAAGCATGAAGGGAACAGTCTATAGGTCACACGCGCAGACAAA




FIG. 2. Nucleotide and deduced amino acid sequence of genomic clone pZmPl. Sequence of 4431 nt from a HindlIl site to a BamHI site in
pZmPl is presented. A potential TATA box, start codon, and stop codon are in boldface print. Ser-(Pro):.2 amino acid sequences are underlined.
Potential N-glycosylation sites are boxed. The predicted signal sequence cleavage site is indicated by an arrow.
because there are no Bcl I sites in the pZmPl clone. Southern
analysis of the Bcl I-digested maize DNA revealed two closely
related genes within the maize genome (Fig. 3), containing
both an extensin-like domain and a highly conserved putative
globular domain. Probe A (globular domain) hybridized to two
DNA fragments with equal intensity, whereas probe B (ex-
tensin-like domain) hybridized more strongly to one fragment
than the other, suggesting that the extensin-like domains of the
two genes are more divergent than the globular domains.
The globular domain probe hybridized weakly to an addi-
tional Bcl I fragment not recognized by the extensin-like probe
(Fig. 3, compare lanes 5 and 10). This fragment could repre-
sent a related gene that does not have an extensin-like domain.
This possibility is supported by Northern analysis (see below).
Pex Genes Are Expressed Specifically in Pollen. Northern
analysis indicated that both the globular-domain probe and the
extensin-domain probe recognized a message of -4.4 kb (Fig.
4). Segments 5' to the 4.4-kb region sequenced (see Fig. 1) and
3' or 5' probes from larger genomic clones did not hybridize
to pollen mRNA (data not shown). The globular-domain
probe recognized an mRNA of -3.5 kb that was not recog-
nized by the extensin-domain probe (Fig. 4C). This is consis-
tent with the Southern blot data suggesting the presence of a
related pollen-specific gene that does not encode an extensin-
like domain.
The Pex genes were not expressed in any vegetative or
female reproductive tissues tested, including etiolated seed-
lings, endosperm, immature ear, silk, roots or leaves (Fig. 4A).
Since expression of the dicot extensin genes and the maize cell
wall gene has been shown to be responsive to wounding (21,
29), we measured the expression of Pex sequences in wounded
leaves. We were unable to detect any Pex transcript in leaves
at either 6 or 24 hr after wounding (Fig. 4A).
The expression of the Pex genes is temporally regulated
during pollen development. No transcripts were detected in
meiotic tassels (Fig. 4 B and C), which include differentiated
tapetal cells and tetrads of haploid microspores. Low levels of
transcripts were detected in starch-filled immature pollen,
although these were degraded relative to ubiquitin mRNA in
the same lanes (Fig. 4 B and C). Accumulation of full-length
transcripts increased dramatically upon pollen maturation.
Very late expression in pollen is consistent with a role for the
Proc Natl. Acad Sci. USA 92 (1995)
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Table 1. Amino acid composition maize pollen gene product Pexl,
maize cell wall HRGP, and carrot extensin
Mol %
Pexl Pexl
Entire globular extensin Maize Carrot
Amino acid Pexl domain domain HRGP extensin
Ala 5.6 6.7 4.7 1.7 1.4
Cys 1.2 3.2 0.0 0.0 0.0
Asp 3.0 7.2 0.2 0.7 0.0
Glu 3.9 5.5 3.1 1.3 2.6
Phe 3.2 7.9 0.4 0.0 0.7
Gly 1.7 3.5 0.3 2.3 0.0
His 1.1 1.8 0.4 1.7 9.5
Ile 2.8 5.3 1.5 0.0 0.0
Lys 6.3 4.0 8.0 12.2 11.7
Leu 6.4 12.9 2.4 0.0 0.0
Met 1.8 2.6 1.0 0.0 1.1
Asn 2.8 6.9 0.5 0.0 0.0
Pro 30.1 5.4 45.2 45.4 42.3
Gln 2.0 2.0 1.9 0.0 0.0
Arg 2.3 6.3 0.0 0.0 0.0
Ser 11.5 4.1 16.5 4.0 10.9
Thr 3.7 3.2 3.6 23.8 3.6
Val 8.4 7.1 9.5 0.3 4.0
Trp 0.3 0.8 0.0 0.0 0.0
Tyr 1.8 3.3 0.7 6.6 12.0
All numbers were deduced from sequences of genomic clones. Pexl
globular and extensin domains comprise aa 1-410 and 507-1188,
respectively. Maize HRGP and carrot extensin data are from refs. 20
and 21, respectively.
gene product in pollen tube germination and/or growth, which
does not occur until after pollen maturation.
Preliminary experiments indicate that Pex messages are
translated. Antibodies raised against the putative globular
domain of Pexl recognize a large protein(s) specifically in
pollen. The protein recognized by these antibodies appears to
be localized to the pollen tube wall (A.L.R. and P.A.B.,
unpublished data).
The discovery of Pexl has interesting implications for the
evolution and function of extensin-like proteins in maize. Pexl
is the only known maize gene that encodes significant numbers
of the classical extensin repeat motif. The previously identified
maize gene encoding a proline-rich cell wall protein has only
one Ser-(Pro)4 sequence (20, 30). In contrast, the dicot exten-
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FIG. 3. Southern analysis using pZmPl sequences. Twelve micro-
grams of inbred maize line B73 genomic DNA (lanes 1, 3, 5, 6, 8, and
10) or 6 pg of plasmid pZmP1 DNA (lanes 2, 4, 7, and 9) was digested
with HindIII plus Nde I (lanes 1, 2, 6, and 7), HindlIl plusXmn I (lanes
3 and 4), Xmn I plus Nde I (lanes 8 and 9), or Bcl I (lanes 5 and 10),
electrophoresed and blotted. Positions of DNA markers are indicated
at left. Hybridizing plasmid bands are indicated by arrowheads with
sizes (bp) indicated at right. Probe A (globular domain) (A) and probe
B (extensin domain) (B) were used.
be members of multigene families (2). The extensins in dicots,
as well as the maize HRGP, are regulated developmentally in
nearly every vegetative tissue studied (31-34). In addition, they
have been found to accumulate upon wounding (21, 29).
However, the Pex genes are not expressed in vegetative tissues,
even after wounding. The pollen-specific expression of the Pex
genes suggests that these genes may have a special role in
reproduction. In maize and its progenitors, the Pex genes may
have been evolutionarily conserved for a reproductive role,
while other extensin-like cell wall genes diverged significantly
from those of dicots. Alternatively, the Pex genes may repre-
sent a progenitor plant gene initially involved only in repro-
A



























FIG. 4. Northern analysis using pZmPl se-
quences. Samples (2 ,tg) of poly(A)+ RNA were
electrophoresed and blotted. Positions of RNA
markers are indicated at left. The lower panels
show the same blots probed with ubiquitin-
encoding sequences to control for RNA loading.
(A) Testing of maize tissues for expression. Es,
etiolated seeding; En, endosperm; Ea, immature
ear; Si, silk; R, root; Li, leaf; L2, leaf 6 hr after
wounding; L3, leaf 24 hr after wounding; MP,
mature pollen. Probe B (extensin domain) was
used. Probe A (globular domain) produced sim-
ilar results (not shown). Longer exposures and
additional experiments demonstrated that Pex
sequences were not expressed in endosperm. (B)
Time course of expression during pollen devel-
opment. MT, meiotic tassel; SF, immature
starch-filled pollen; MP, mature pollen. Probe B
(extensin domain) was used. (C) Blot from B
probed with probe A (globular domain).
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duction that later evolved into multigene families for functions
in vegetative cells in dicots. In either case, we expect that
specific members of the large extensin gene families in dicots
are structurally similar to the Pex genes and that the gene
products perform similar roles in dicot reproduction.
To date, the only pollen-specific genes encoding possible
HRGPs include Pexl and a PRP gene found in a recent search
for pollen- and tapetum-specific genes inArabidopsis (35). The
products of pollen-specific genes may serve a special structural
role in pollen. For example, the production of the cell wall
during pollen tube elongation is a very rapid process (ap-
proaching 1 cm/hr in maize) that may require specialized
proteins not necessary for vegetative cell walls (36, 37). The
pollen extracellular matrix, including the intine and exine, is
also unique to the male gametophyte and may have unique
protein components (38), although the very late expression of
the Pex gene most likely excludes a role in exine biosynthesis.
Alternatively, it is an intriguing possibility that flower
HRGPs mediate an active interaction between male and
female tissues during pollination. The plant extracellular ma-
trix plays an important role in cell-cell recognition; pollen-
pistil interactions in particular have come under scrutiny (39).
Several pistil-specific PRP and extensin-like genes have been
isolated from tobacco,Antirrhinum majus, and Nicotiana alata
(3-6). They are similar to the pollen-specific gene described
here in that they encode little or no tyrosine, and a subset
encode small globular domains. The interaction of HRGPs in
higher plant sexual recognition could be analogous to the
mating system in the green alga Chlamydomonas reinhardtii.
The sexual agglutinins of Chlamydomonas mediate the
initial recognition of opposite mating types (40). No sexual
agglutinin genes have been cloned, but amino acid and struc-
tural analyses of the proteins demonstrate that the agglutinins
are HRGPs and that each has a long rod-like domain similar
to higher-plant extensins (41-43). The agglutinins protrude
from the flagellar membrane and are terminated by globular
domains that presumably play a key role in recognition. The
predicted structure of the Pex proteins is very similar to that
of the sexual agglutinins of Chlamydomonas. In one model for
Pex function in higher plants, the Pex proteins in the pollen
tube wall would interact with specific partner molecules on the
stigmatic surface or in the transmitting tract of the pistil to
trigger downstream events in pollination.
In summary, we suggest that Pexl may have a unique role in
plant reproduction, either as a structural element or as a
recognition molecule required for pollen-pistil interactions.
These two hypotheses for the function of the Pex protein are
not mutually exclusive. Further work will be necessary to
elucidate the functions of the pollen HRGPs.
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